Neuropathic pain conditions including neuropathic orofacial pain (NOP) are difficult to treat. Contemporary therapeutic agents for neuropathic pain are often ineffective in relieving pain and are associated with various adverse effects. Finding new options for treating neuropathic pain is a major priority in pain-related research. Cannabinoid-based therapeutic strategies have emerged as promising new options. Cannabinoids mainly act on cannabinoid 1 (CB1) and 2 (CB2) receptors, and the former is widely distributed in the brain. The therapeutic significance of cannabinoids is masked by their adverse effects including sedation, motor impairment, addiction and cognitive impairment, which are thought to be mediated by CB1 receptors in the brain. Alternative approaches have been developed to overcome this problem by selectively targeting CB2 receptors, peripherally restricted CB1 receptors and endocannabinoids that may be locally synthesized on demand at sites where their actions are pertinent. Many preclinical studies have reported that these strategies are effective for treating neuropathic pain and produce no or minimal side effects. Recently, we observed that inhibition of degradation of a major endocannabinoid, 2-arachydonoylglycerol, can attenuate NOP following trigeminal nerve injury in mice. This review will discuss the above-mentioned alternative approaches that show potential for treating neuropathic pain including NOP. type headache, chronic/episodic migraine) [6] [7] [8] [9] [10] [11] [12] . NOP may be characterized by spontaneous pain (ongoing or episodic), pain resulting from stimuli that would not normally provoke pain (allodynia) and exaggerated pain responses to noxious stimuli (hyperalgesia) [6] [7] [8] [9] . Patients with poorly controlled neuropathic pain have significantly poorer health status and increased symptoms of anxiety and depression [4, 5] . The mechanisms of neuropathic pain are complex, rendering it a challenge for clinicians to treat effectively [13] [14] [15] . Tricyclic antidepressants (e.g., nortriptyline, desipramine), serotonin-noradrenaline reuptake inhibitors (e.g., duloxetine), and anticonvulsants (e.g., gabapentin, pregabalin) are currently used as first-line treatments for neuropathic pain; however, many patients report incomplete relief of pain as well as adverse effects of these drugs such as cardiotoxicity, dry mouth, orthostatic hypotension, constipation, and dizziness [13, 14] . Topical lidocaine (which only acts locally) and opioids (e.g., morphine) are considered as second-and third-line drugs for treatment of neuropathic pain. Opioids have adverse effects including sedation, constipation, physical dependence, respiratory depression tolerance, and addiction [13, 14, 16] , and they have a high degree of abuse potential [17] . The management of neuropathic pain with these contemporary pharmacotherapies exhibits a high failure rate [13] [14] [15] . These treatment failures may occur because of lack of analgesic efficacy, intolerance, contraindications to various classes of medications and the presence of side effects [4, 5, [13] [14] [15] . Therefore, a major priority in pain-related research is to identify new therapeutic strategies for treating neuropathic pain. In recent decades, cannabinoid-and endocannabinoid-based therapeutic strategies for neuropathic pain treatment have gained popularity [18] [19] [20] [21] [22] [23] .
Introduction
Neuropathic pain is defined as pain caused by a lesion or disease of the somatosensory nervous system [1, 2] . It is a health problem that has negative impacts on both the individual quality of life and the community [3] . It is associated with significant societal costs resulting from greater healthcare utilization, disability, and loss of productivity [4, 5] . Neuropathic pain in the orofacial regions (e.g., head, neck, face, oral, or perioral regions) can be termed as neuropathic orofacial pain (NOP) and may arise from nerve compression or injury to peripheral nerves during dental operative procedures, such as tooth extraction, root canal treatment, and dental implant surgery (e.g., trigeminal neuralgia, post-traumatic trigeminal neuropathy) as well as from systemic diseases (e.g., diabetic neuropathy), viral infections (e.g., trigeminal post-herpetic neuralgia) and neurovascular diseases (e.g., tension neurons in the spinal cord/brainstem, pain-regulatory circuits in the brainstem (e.g., periaqueductal gray, PAG) and different brain regions [48] [49] [50] [51] [52] .
Various studies have reported that natural and synthetic cannabinoids are effective in the attenuation of acute and chronic pain including neuropathic pain [23, [53] [54] [55] [56] . However, the major drawback of using cannabinoids for pain relief is their side effects (cannabimimetic side effects), including sedation, catalepsy (the body becomes stiff), hypothermia, addiction, hypo-locomotion or motor impairment, cognitive impairment and psychological problems [57] [58] [59] . These cannabimimetic side effects are thought to arise mainly because of global activation of the widespread distribution of CB1 receptors in the brain [57] [58] [59] [60] .
To overcome this problem, several alternative strategies have been developed. One strategy is to target CB1 receptors localized in the peripheral tissues [61] [62] [63] [64] . CB1 agonists with limited or no ability to pass the blood-brain barrier have been developed for this purpose and tested in preclinical animal models [63, 64] . Another strategy is to selectively target CB2 receptors because they are predominantly expressed outside of the brain. Studies have reported that CB2 receptor agonists attenuated inflammatory and neuropathic pain [65, 66] . Another promising alternative strategy for achieving analgesia is to target endocannabinoids [19, 20, [67] [68] [69] . In certain disorders, including neuropathic and inflammatory pain, convincing evidence exists regarding increases in endocannabinoids in certain body regions [19] [20] [21] 67, 68] . Exaggerated neuronal activity developed under neuropathic pain conditions may increase the synthesis of endocannabinoids at certain locations of the pain pathway [21, 70] . This increase in endocannabinoids may be caused by the body's autoprotective/defense mechanism; however, the rapid cellular uptake and subsequent degradation of endocannabinoids tends to limit the level of analgesia achieved by endocannabinoids [21, 61, 68, 69] . Reducing the degradation of endocannabinoids by inhibiting their degrading enzymes can elevate their levels at sites where their actions are pertinent and produce analgesia [21, 61, 68, 69] . This strategy of increasing endocannabinoids has the benefit of activation of cannabinoid receptors at sites of pain pathways with high endocannabinoid turnover, rather than global activation of CB1 receptors, which can result in side effects [21, 61, 68, 69] .
Analgesic effects of various natural and synthetic cannabinoids for neuropathic pain have widely described and reviewed [18, 20, 23, 53, 54] . The presence of cannabimimetic side effects is one of the drawbacks of non-selective cannabinoids due to the widespread distribution of the CB1 receptors in the brain [19, 20] . Alternative strategies have developed to overcome this problem by using peripherally acting CB1 receptor agonists, selective CB2 receptor agonists, and endocannabinoid degrading enzyme inhibitors [19] [20] [21] . These strategies are also applicable to NOP. In this review, we will discuss the potential of these alternative strategies for the treatment of neuropathic pain including NOP.
Targeting Peripherally Restricted CB1 Receptors for the Treatment of Neuropathic Pain
CB1 may be the most abundant and widespread receptor in the mammalian brain [46] and thus may be responsible for the psychological side effects of cannabinoids, which can penetrate the blood-brain barrier. These receptors are observed in a wide area of the brain including the regions involved in pain transmission and modulation, such as the PAG, rostral ventral medulla (RVM), thalamus and amygdala [46, 71, 72] . They are also found in regions of the spinal cord and brainstem that are involved in pain processing including the spinal dorsal horn, spinal trigeminal nucleus caudalis (Vc) and nerve fibers of the spinal trigeminal tract [46, [71] [72] [73] [74] [75] . In the PNS, CB1 receptor expression is found in the peripheral nerves including the cell bodies of the primary afferent neurons located in the peripheral ganglia (e.g., DRG, TG) [48] [49] [50] [51] [52] . These receptors are localized in both nociceptive and non-nociceptive primary afferent neurons [48] [49] [50] [51] [52] . In the TG, CB1 receptors are observed in medium and large diameter neurons of the maxillary and mandibular branches of the trigeminal nerve [50] . In the DRG, they are observed in small, medium and large sized neurons [48, 49, 51, 73, 76] . One study reported that CB1 receptors are expressed in 76%-83% of nociceptive neurons in the DRG [77] . They were co-expressed with nociceptive markers such as isolectin B4, TRPV1 and calcitonin gene related peptide [48, 51, 74, 77] . Selective deletion of CB1 receptors from nociceptive neurons of the PNS but not from the CNS substantially reduced the analgesic effect of local and systemic, but not intrathecal, delivery of cannabinoids, which confirmed the contribution of CB1 receptors to nociceptors involved in the analgesic effects of cannabinoids [52] . CB1 receptors are also expressed in both unmyelinated and myelinated nerve fibers of the skin [78] .
Modulation of CB1 Receptor Expression under Neuropathic Pain Conditions
Many studies have reported that under inflammatory and neuropathic pain conditions, CB1 receptors are upregulated at various sites of the pain processing pathway. Under complete Freund's adjuvant (CFA)-induced inflammatory pain conditions, CB1 receptor expression at the messenger ribonucleic acid (mRNA) and protein levels is increased in the nerve fibers of skin of the hind paw and in primary afferent neurons located in the DRG in rats [79] . In a spinal nerve ligation injury model of neuropathic pain, CB1 receptor expression at the mRNA and protein levels was also increased in the DRG [77] . In chronic constriction injury (CCI) of the sciatic nerve, CB1 receptor expression was increased in the spinal cord [80] . Axotomy of the tibial branch of the sciatic nerve caused increased CB1 receptor expression in the thalamus contralateral to the injury [81] . In partial saphenous nerve ligation injury models of neuropathic pain in mice and rats, CB1 receptors were increased in the hind paw skin, DRG and spinal cord [82, 83] . In the orofacial region, CCI of the infraorbital branch of the trigeminal nerve caused CB1 receptor expression to increase in the ipsilateral superficial laminae of the Vc as revealed by both western blot and immunohistochemistry analyses [84] . The increases in CB1 receptor expression may result in increased potency or efficacy of CB1 agonists or endocannabinoids under neuropathic pain conditions [61] .
The presence of CB1 receptors in the peripheral nervous system and their increase under neuropathic and inflammatory pain conditions provides the scientific basis for targeting peripherally restricted CB1 receptors for neuropathic pain management. In a partial sciatic nerve ligation model of neuropathic pain, local intra-planter injection of a non-selective cannabinoid agonist attenuated mechanical hyperalgesia by activation of peripheral CB1 receptors [85] . In peripheral CB1 receptor knockout mice, the anti-hyperalgesic effects of systemically administered cannabinoids were almost completely lost following sciatic nerve injury and intra-plantar carrageenan injection, indicating the crucial role of peripheral cannabinoid receptors [52] . Studies have reported that local injection of cannabinoid agonists into inflamed tissue attenuated hyperalgesia and allodynia at doses that may produce minimal centrally-mediated side effects, suggesting peripheral CB1 receptor-mediated action [79, 86] .
Peripherally Active CB1 Receptor Agonists for the Treatment of Neuropathic Pain
Because peripherally restricted CB1 receptors are promising targets, peripherally active CB1 receptor agonists have been developed, and some have produced robust analgesic effects on neuropathic pain conditions with fewer CB1 receptor-mediated CNS side effects [63] (Table 1) . 
Spinal nerve ligation injury in rats Oral Attenuation of mechanical allodynia CB1-selective antagonist Did not develop tolerance [90] AZ11713908
Spinal nerve ligation injury in rats Systemic
Attenuation of mechanical allodynia Not tested Minimal CNS side effects [91] LBP1
Spinal nerve ligation injury in rats Oral
Attenuation of thermal hyperalgesia and mechanical allodynia CB1-selective antagonist Did not elicit motor impairment [92] PrNMI
Sciatic nerve entrapment injury in rats Systemic/oral Attenuation of mechanical allodynia CB1-selective antagonist Minimal CNS side effects [64] Spinal administration of the CB1 receptor-selective agonists ACEA attenuated mechanically-evoked responses of spinal neurons in a spinal nerve ligation neuropathic pain model, and this effect was blocked by a CB1-selective antagonist [87] . Systemic or local administration of this compound attenuated established mechanical allodynia in a chemotherapeutic agent (cisplatin)-induced neuropathic pain model in rats [88] . This compound showed no psychoactive effect at the dose used in that study [88] . Cannabinoid receptor agonist 13 (CRA13) is a CB1/CB2 dual agonist reported to produce strong anti-hyperalgesic effects in an animal model of neuropathic pain [89] . Both oral administration and local injection into the hind paw reversed established mechanical hyperalgesia [89] . At an oral dose of 3 mg/kg, the compound reversed mechanical hyperalgesia with rapid onset of action and long duration but without apparent cardiovascular and CB1 receptor-mediated CNS side effects [89] . A CB1-selective antagonist but not a CB2-selective antagonist inhibited the anti-hyperalgesic effects, indicating that peripheral CB1 receptors are mainly responsible for the anti-hyperalgesic action of the compound [89] . AZD1940, an orally active mixed CB1/CB2 receptor agonist, showed a CB1 receptor-dependent peripheral site of action for the analgesic effect in both inflammatory and neuropathic pain models in preclinical studies [63, 93] without development of tolerance [90] . The brain uptake of this compound was low at anti-nociceptive doses in both rats and primates [90] . However, in clinical studies, the compound showed limited analgesic effects against capsaicin-induced pain and hyperalgesia and failed to attenuate surgical tooth extraction-induced post-operative pain in healthy humans with mild to moderate gastrointestinal and CNS side effects [94, 95] . Systemic administration of another CB1/CB2 dual agonist, AZ11713908, reduced allodynia in a spinal nerve ligation injury model of neuropathic pain with minimal CB1 receptor-mediated CNS side effects [91] . After systemic administration, the brain uptake of this compound was low compared with that of a CNS-penetrant, mixed CB1 and CB2 receptor agonist, indicating its peripheral action. This compound also produced analgesic effects in a CFA-induced inflammatory pain model with fewer CNS side effects than the CNS-penetrant, mixed CB1 and CB2 receptor agonist [91] . The analgesic effect of this compound was absent in CB1 knockout mice but was present in CB2 knockout mice, confirming the CB1 receptor-mediated action of this compound [91] . Local intra-plantar application of this compound was also effective in producing robust analgesia [91] . Another orally bioavailable compound, LBP1, showed anti-allodynic and anti-hyperalgesic effects in a rat model of neuropathic pain without catalepsy [92] , which is a common CB1 receptor-mediated side effect. This compound was found to have good water solubility and low brain uptake after systemic administration. A CB1 receptor antagonist blocked the anti-allodynic effects, indicating CB1-mediated action of this compound [92] . Systemic or oral administration of an indene-based compound named PrNMI attenuated sciatic nerve entrapment injury-induced mechanical allodynia [64] . The anti-allodynic effect was associated with few CB1-mediated CNS side effects (e.g., catalepsy, motor disturbance, hypothermia) and a low concentration of this compound in cerebrospinal fluid [64] . Inhibition of the analgesic effect of this compound by pretreatment with selective CB1 receptor but not CB2 receptor antagonists indicated the contribution of peripheral CB1 receptors [64] .
Targeting CB2 Receptors for the Treatment of Neuropathic Pain
CB2 receptors were initially observed mainly in the immune tissues (e.g., spleen, tonsils) and cells (e.g., mast cells, lymphocytes) [47, 96] , where they appear to play a role in mediating the immunosuppressive effects of cannabinoids. Later, they were also found on neurons and nerve fibers [78, [97] [98] [99] [100] ; however, in the brain, CB2 receptors are limited compared with the widespread distribution of CB1 receptors [98, [101] [102] [103] [104] .
Modulation of CB2 Receptor Expression under Neuropathic Pain Conditions
Similar to CB1 receptors, CB2 receptor expression was also found to be modulated under inflammatory and neuropathic pain conditions at various sites of the pain processing pathway. CB2 receptor mRNA expression in the spinal cord was increased under neuropathic pain conditions induced by sciatic or spinal nerve ligation injury [103] [104] [105] [106] . The mRNA level of this receptor was also increased in the DRG under neuropathic pain following spinal nerve ligation injury [103, 104] . In a sciatic nerve CCI model of neuropathic pain, CB2 receptor expression at the protein level was increased in the spinal cord [107] . CB2 receptor expression in the hind paw skin, DRG and spinal cord was increased under neuropathic pain conditions following partial saphenous nerve ligation injury [82, 83] . After sciatic nerve axotomy and in a spinal nerve ligation-induced neuropathic pain model, CB2 receptor expression at the protein level was increased in the DRG and in the primary afferent terminals in the spinal cord, which was not observed in CB2 receptor null mice [99] . Additionally, spinal nerve ligation injury increased CB2 receptor immunoreactivity in nerve sections proximal, but not distal, to the site of ligation [99] . CB2 receptor expression at the mRNA level was increased in the paw skin, DRG and spinal cord in a hind paw intra-plantar CFA-induced inflammatory pain model in rats [108] . The above studies suggest that CB2 receptors are upregulated at various sites of the pain pathway under inflammatory and neuropathic pain conditions. CB2 receptors are also present in glial cells (e.g., microglia), which were observed to be upregulated following inflammation or nerve injury [109] [110] [111] [112] . Microglia are important mediators for neuropathic pain development [113] [114] [115] . Various studies have reported that reactive microglia interact with neurons and contribute to the development of neuropathic pain [113] [114] [115] . In different models of neuropathic pain such as peripheral nerve injury, chemotherapy-induced neuropathic pain and chronic post-ischemia pain, CB2 receptor expression is increased in microglia [110, 116, 117] . In a sciatic nerve CCI model, CB2 receptor expression was observed in the spinal cord associated with injury-induced reactive microglia [105] . CB2 receptor expression in peripheral tissues was also reported to be increased under inflammatory conditions [118, 119] . Under a local CFA injection-induced inflammatory pain condition, CB2 receptor expression at the mRNA and protein levels was increased in the inflamed skin tissue, and the receptors were mainly distributed in keratinocytes, macrophages and T-lymphocytes in the epidermis and dermis of the inflamed skin tissues [118] . CB2 receptors expressed in keratinocytes were increased under inflammatory or infectious conditions [118, 119] . The presence of CB2 receptors in glial and inflammatory cells makes them attractive targets to reduce pain under inflammatory and neuropathic pain conditions [111, 120] .
Various selective CB2 receptor agonists have been reported to be effective in preclinical studies using models of inflammatory pain. Systemic administration of the CB2-selective agonists AM1241, GW405833, JWH133, and HU-308 attenuated thermal hyperalgesia/hypersensitivity/nocifensive behavior in intra-plantar carrageenan/CFA/formalin-induced inflammatory pain models [108, [121] [122] [123] . Systemic administration of AM1241 inhibited substance P-induced plasma extravasation, suggesting inhibition of substance P-induced mast cell degranulation [124] . Local injection of this compound also attenuated hind paw carrageenan-induced edema and inflammatory hyperalgesia, which were reversed by co-administration of a CB2 receptor-selective antagonist [125] . Intra-plantar injection of JWH133 reduced innocuous and noxious mechanical stimuli-induced responses of spinal wide dynamic range (WDR) neurons in that model [121] . The action of this compound was often blocked by CB2 but not CB1 receptor-selective antagonists, suggesting peripheral CB2 receptor-mediated action. Intra-plantar injection of this compound also reduced carrageenan injection-induced expansion of peripheral receptive fields of WDR neurons [121] . Chronic administration of GW405833 was observed to reduce increased microglial and astrocyte expression in the spinal cord in a rat neuropathic pain model [126] . It also produced anti-hyperalgesic effects in incisional [127, 128] and chronic inflammatory pain models [127] . The anti-hyperalgesic effect was not observed in CB2 knockout mice, suggesting a CB2 receptor-mediated mechanism of action for this compound [127, 129] . Additionally, sedation and catalepsy were not observed for this compound at the anti-hyperalgesic dose used in the inflammatory pain model [127] . Some indole-based compounds observed to act as CB2 receptor inverse agonists and produced anti-nociceptive effects in the formalin-induced inflammatory pain model in mice [130] .
Selective CB2 Receptor Agonists for the Treatment of Neuropathic Pain
Various selective CB2 receptor agonists were effective in attenuating neuropathic pain upon systemic or local application (intra-plantar, intra-spinal) in preclinical models of neuropathic pain (nerve-injury-induced, chemotherapeutic agent-induced) ( Table 2 ). 
Paclitaxel-induced neuropathy in mice Systemic (acute and chronic)
Attenuation of mechanical and cold allodynia Not tested Did not produce tolerance on chronic administration [149] A CB2 agonist, JWH015, upon local intra-plantar injection, attenuated mechanical allodynia and thermal hyperalgesia following sciatic nerve CCI in mice, which was antagonized by a CB2 receptor antagonist [131] , suggesting peripheral CB2 receptor-mediated action. This compound also reduced mechanical allodynia in a streptozotocin-induced-diabetic neuropathy model in mice [132] . Upon local intra-plantar application, JWH133, another selective CB2 agonist, reduced innocuous and noxious mechanical stimuli-induced responses of WDR neurons in the spinal cord in a spinal nerve ligation injury model of neuropathic pain [121] , suggesting a peripheral CB2 receptor-mediated action. The action of this compound was often blocked by CB2 but not CB1 receptor-selective antagonists [121] . Spinal administration of JWH133 attenuated mechanically-evoked responses of spinal neurons that were blocked by CB2-selective antagonists in the same type of neuropathic pain model, suggesting involvement of spinal CB2 receptors in the anti-nociceptive action [87] . Additionally, intra-spinal administration of this compound attenuated mechanical allodynia following partial sciatic nerve ligation injury in wild-type mice, whereas the action was absent in cannabinoid CB2 receptor knockout mice, confirming the involvement of CB2 receptors [144] . Local or systemic administration of JWH133 also attenuated mechanical allodynia in chemotherapeutic agent-induced neuropathic pain models without development of central side effects such as catalepsy, hypothermia and hypo-locomotion [88] .
Systemic administration of AM1241 dose-dependently reversed tactile and thermal hypersensitivity in a rat spinal nerve ligation model of neuropathic pain [101, 138] . The anti-nociceptive action of this compound was inhibited by a CB2 but not a CB1 receptor antagonist and was retained in CB1 knockout mice, confirming CB2-mediated action of this compound [101] . AM1241 did not elicit motor impairment, hypothermia and catalepsy (which are considered to be CB1-mediated central side effects) [150] . Intra-spinal administration of this compound reversed the expression of p38 mitogen-activated kinase (MAPK), interleukin-1 beta (IL-1β) interleukin-10 (IL-10), MAGL and astrocytes in the spinal cord, resulting in levels similar to those in non-neuropathic controls [138, 139] . Systemic administration of AM1241 attenuated mechanical allodynia in chemotherapeutic agent (vincristine or cisplatin)-induced neuropathic pain models without development of catalepsy [134] , and the action was antagonized by a CB2 receptor antagonist [133, 134] . In a streptozotocin-induced diabetic neuropathy model, AM1241 reduced mechanical allodynia [135, 136] , and upon systemic administration, this compound also reduced hind paw incision-induced post-surgical pain, which was antagonized by a CB2 receptor antagonist [128] . Systemic administration of AM1241 also reduced thermal and mechanical hyperalgesia evoked by intra-plantar administration of capsaicin, which was antagonized by a CB2 but not a CB1 receptor antagonist, indicating the involvement of CB2 receptors in the anti-nociceptive action of the compound [151] . AM1241 was used in a drug self-administration approach where the animal administered the drug by itself, and neuropathic animals self-administered the compound to attenuate mechanical allodynia [137] .
AM1710, another CB2-selective agonist, attenuated mechanical and cold allodynia upon acute or chronic systemic administration in a rat model of cisplatin and paclitaxel-induced neuropathy, and the action was antagonized by a CB2 receptor antagonist [145, 147] . The anti-allodynic effect of systemic administration of this compound was absent in CB2-knockour mice, indicating that CB2 receptors mediated the action of this compound [147] . AM1710 also reduced pro-inflammatory cytokines and chemokines (tumor necrosis factor-α (TNF-α) and monocyte chemoattractant protein-1 (MCP-1)) in the spinal cord upon acute or chronic systemic administration [147] . This compound did not elicit hypothermia, hypo-locomotion or ataxia (cannabimimetic side effects) [147, 152] . Additionally, chronic systemic application of AM1710 prevented the development of mechanical and cold allodynia in a paclitaxel-induced neuropathic pain model without development of tolerance, physical withdrawal, hypothermia, or motor dysfunctions [147] . Chronic subcutaneous application of this compound prevented the development of mechanical and cold allodynia in a paclitaxel-induced neuropathic pain model [146] . Intrathecal application of AM1710 in the spinal cord also attenuated mechanical and cold allodynia in a paclitaxel-induced neuropathic pain model [147] . The anti-allodynic efficacy of intrathecal administration of AM1710 was absent in CB2 knockout mice [147] , indicating the CB2 receptor-mediated action of this compound [147] . AM1714, another variety of the AM series, attenuated mechanical allodynia upon systemic administration in a rat model of paclitaxel-induced neuropathy [134] .
Repeated administration of another CB2-selective agonist, NESS400, produced anti-nociceptive effects in the spared nerve injury model of neuropathic pain in mice [143] . Spared nerve injury caused activation of microglia, and astrocytes in the dorsal horn of the spinal cord and treatment with this compound significantly reduced the number of hypertrophic microglia and astrogliosis [143] .
In partial sciatic nerve ligation [127, 129] and sciatic nerve CCI injury [140] models of neuropathic pain, systemic administration of GW405833 (a potent, selective CB2 agonist) elicited anti-allodynic effects [127, 129, 140] . At a low effective anti-allodynic dose, it did not elicit sedation and catalepsy [127] , but at a high dose, it produced motor impairment [129] . Chronic administration of this compound reduced mechanical allodynia in a modified spinal nerve ligation injury model of neuropathic pain associated with reduced expression of microglia and astrocytes in the spinal cord [126] .
The CB2-selective agonists MDA7 and MDA19 were investigated in spinal nerve ligation injury and paclitaxel-induced neuropathic pain models [117, 141, 142, 153] . Systemic administration of these compounds attenuated mechanical allodynia without affecting locomotor activity [141, 142] . The actions of these compounds were inhibited by CB2 receptor antagonists [117, 141, 142] , and in paclitaxel-induced neuropathic mouse models, the action was absent in CB2 knockout mice, confirming its CB2-mediated action [117, 142] . MDA7 was effective in preventing the development of mechanical allodynia upon chronic systemic administration in paclitaxel-induced neuropathic models [117] . Systemic administration of this compound reduced the paclitaxel-induced increase in expression of microglia and astrocytes in the spinal cord and attenuated the paclitaxel-induced neuro-inflammatory response as evidenced by downregulation of Toll-like receptor 2 (TLR2), extracellular signal regulated kinase 1/2 (ERK1/2) and CB2 receptor expression in the spinal cord [117] . MDA7 also decreased the release of pro-inflammatory mediators (IL-1β and TNF-α) from lipopolysaccharide-stimulated cultured astrocyte cells in vitro [117] .
Along with the synthetic agents described above, the natural CB2 agonist β-caryophyllene (BCP, a constituent of essential oils) reduced established mechanical allodynia upon oral administration in a paclitaxel-induced neuropathic pain model [108] . Chronic oral administration of this agonist along with paclitaxel attenuated the development of neuropathic pain [108] . This chronic treatment reduced the paclitaxel-induced spinal cord increases in reactive microglia, pro-inflammatory cytokine IL-1β release, p38 MAPK and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) [108] , suggesting an anti-inflammatory action of this CB2 agonist. Chronic oral administration of BCP also produced anti-allodynic and anti-hyperalgesic effects in partial sciatic nerve injury-induced neuropathic mice, which were absent in CB2 knockout mice, confirming CB2 receptor-mediated action [106] . This agonist did not elicit motor disturbance, hypothermia or catalepsy after chronic oral administration in mice [106] . It also reduced the nerve injury-induced increases in expression of microglia and astrocytes in the spinal cord and produced an anti-allodynic effect in the late phase of a formalin-induced inflammatory pain model in mice [106] .
The above studies demonstrated the contribution of CB2 receptors located in neurons, glial cells and inflammatory cells to the anti-nociceptive action of selective CB2 receptor agonists in inflammatory and neuropathic pain models. Activation of CB2 receptors by agonists inhibited sensory nerve activity in animal models of acute and chronic pain, suggesting direct action on sensory neurons [87, 121, 129, 154, 155] . Additionally, nerve/tissue injury can recruit glial cells to various sites of pain pathways and inflammatory cells to the injury site, which release various inflammatory mediators to produce nerve sensitization. CB2 receptor agonists can reduce these inflammatory mediators and decrease the sensitization of the nerves [111, 120] .
Targeting Endocannabinoids for the Treatment of Neuropathic Pain
Another potential alternative approach for neuropathic pain control with reduced risk of side effects is targeting endocannabinoids [19, 20, [67] [68] [69] . Natural endocannabinoids are lipids. Among endocannabinoids, 2-AG and AEA are extensively studied in various types of research. AEA belongs to the N-acylethanolamine (NAE) and 2-AG belongs to the 2-acylglycerol (2-AcG) families of lipids [35, 156, 157] . AEA is one of the least abundant NAEs, while 2-AG is among the most abundant 2-AcGs [158] . In the brain, the 2-AG level is higher than that of AEA [159] . AEA has been observed to be a partial agonist for both CB1 and CB2 receptors, while 2-AG binds to both receptors with the same affinity and exhibits higher potency in activating CB1 and CB2 receptors than AEA [69, 157, 160] . Unlike well-studied hydrophilic neurotransmitters (e.g., glutamate, γ-amino butyric acid (GABA), acetylcholine), endocannabinoids are not stored in synaptic vesicles; instead, they appear to be biosynthesized and released by neurons at the moment of their intended action, which is often referred to as "on-demand" production [35] . The metabolic pathways for endocannabinoids are complex and have reviewed in detail [31] [32] [33] [34] [35] . Evidence suggests that endocannabinoids are synthesized from postsynaptic neurons upon activation, rather than being pre-stored, and act on presynaptic neurons to inhibit the release of various neurotransmitters, a phenomenon known as retrograde suppression of synaptic transmission [161] [162] [163] . After their release, both AEA and 2-AG are cleared through cellular uptake facilitated by putative endocannabinoid transporters followed by intracellular enzymatic hydrolysis. AEA is degraded primarily by the FAAH enzyme [31, 164] , while 2-AG is degraded primarily by MAGL [164, 165] . Other enzymes may also be involved in degradation. AEA and 2-AG can also be oxidized/degraded by cyclooxygenase (COX) enzymes [20, 166] . FAAH may also contribute to 2-AG degradation [165] . Because of their rapid degradation, endocannabinoids have relatively short durations of action [165] .
Endocannabinoids in the body are anti-nociceptive and may participate tonically in the intrinsic control of pain initiation [167, 168] . The anti-nociceptive action of endocannabinoids has been observed in various studies [167] [168] [169] . Inhibition of peripheral or central CB1 receptors leads to hyperalgesia in normal animals, indicating tonic action of endocannabinoids to control pain [20, 167, 168] . Endocannabinoid deficiency may also contribute in the development of chronic painful disorders (e.g., migraine) [170, 171] .
Modulation of Endocannabinoids under Neuropathic Pain Conditions
Various studies have reported that endocannabinoid levels are modulated at different sites of the pain pathway under inflammatory and neuropathic pain conditions [19, 21, 172] . The level varies with the nature of the pathological condition. Endocannabinoids may be increased because of the response of an endogenous neuroprotective mechanism to a pathological condition [19, 21] . The recruitment of immune cells at the site of nerve injury/inflammation may provide a further source of endocannabinoid synthesis and metabolism [19, 21, [173] [174] [175] . Endocannabinoids can be synthesized from reactive glial cells [176] [177] [178] , which are observed to be increased under inflammatory and neuropathic pain conditions [113, 179] .
Increased endocannabinoid levels are observed in the CNS under neuropathic and inflammatory pain conditions [180] [181] [182] . Both AEA and 2-AG are increased in the descending pain modulating network (e.g., PAG, RVM, and dorsal raphe nucleus) and spinal cord under neuropathic pain induced by CCI of the sciatic nerve [180, 181] . These compounds were also increased in the spinal cord in a spinal nerve ligation injury model of neuropathic pain [181] and in a cisplatin-induced neuropathic pain model [183] . The FAAH mRNA level was also increased in the DRG in a cisplatin-induced neuropathic pain model [183] . Another study showed that AEA but not 2AG was increased in the dorsal raphe nucleus (which contains serotonergic neurons) following CCI of the sciatic nerve [184] . Intra-plantar formalin injection also increased the AEA level in the PAG [185] .
Endocannabinoids are active not only in the CNS but also in the PNS, and their levels are modulated in peripheral areas under inflammatory and neuropathic pain conditions. In a spinal nerve ligation injury model of neuropathic pain, both AEA and 2-AG were significantly increased in the DRG, which contains peripheral afferent neurons [77] . Local subcutaneous injection of exogenous 2-AG and AEA produced anti-nociceptive effects in an inflammatory pain model induced by intra-plantar formalin injection, indicating peripheral action of endocannabinoids [167, 186] . Additionally, local injection of AEA was not accompanied by central side effects and exerted a 100-times greater anti-nociceptive effect than systemic administration, confirming the peripheral site of action [167] . A study using a spinal nerve ligation injury model of neuropathic pain reported that AEA and N-oleoylethanolamine but not 2-AG were increased in the hind paw ipsilateral to the injury [187] . In humans with inflammatory conditions of the colon, the AEA but not the 2-AG level was increased [188] . In a carrageenan-induced inflammatory pain model, intra-plantar injection of AEA reversed the peripheral mechanically-evoked responses of spinal neurons, and the action was blocked by both CB1 and CB2 receptor antagonists, suggesting contribution of peripherally-expressed CB1 and CB2 receptors to the AEA-induced anti-nociceptive response [189] . AEA can also activate TRPV1 channels [40] . TRPV1 is implicated in processing of various types of pain including neuropathic and inflammatory pain [182, [190] [191] [192] . TRPV1 channels are easily desensitized by TRPV1 agonists (e.g., capsaicin) [193] . Desensitization of TRPV1 by intra-planter AEA injection may also contribute to the local action of AEA. Systemic administration of AEA was also observed to produce anti-nociceptive action in a number of acute and inflammatory pain models, albeit with less efficacy than synthetic cannabinoid receptor agonists [167, 169, 194, 195] .
Endocannabinoid Degradation Enzyme Inhibitors for the Treatment of Neuropathic Pain
Because endocannabinoids are rapidly degraded by their degrading enzymes, compounds that can inhibit those enzymes have been developed. These compounds can increase the endocannabinoid levels at the sites where they are synthesized on demand by preventing their degradation. The localized increase of endocannabinoids is thought to produce localized action compared with the global action of exogenously applied cannabinoids [19, 21, [196] [197] [198] . Various preclinical studies have reported that these compounds produced anti-nociceptive effects with fewer or no side effects in diverse models of inflammatory and neuropathic pain [19] [20] [21] [67] [68] [69] ].
FAAH Inhibitors
Because FAAH is the main enzyme responsible for AEA degradation [164] , various FAAH inhibitors have been developed and tested in preclinical animal models (Table 3) . A FAAH inhibitor, OL135, reduced mechanical allodynia and acetone-induced cold allodynia in a sciatic nerve CCI model of neuropathic pain upon systemic administration [199] . Brain and spinal cord AEA levels increased after administration of the compound [199] . The anti-nociceptive actions of OL135 were antagonized by both CB1 and CB2 receptor antagonists, indicating that both CB1 and CB2 receptors were activated by the elevated AEA level [199] .
Systemic, oral, intra-spinal and intra-plantar injection of a selective FAAH inhibitor, URB597, was found to produce anti-nociceptive effects in neuropathic pain models. In the sciatic nerve CCI model of neuropathic pain, systemic administration of URB597 reduced mechanical allodynia and acetone-induced cold allodynia, and this action was not observed in FAAH knockout mice [199] . The anti-nociceptive actions of this compound were antagonized by both CB1 and CB2 receptor antagonists [199] . URB597 also increased brain and spinal cord AEA levels [199] . Chronic oral administration of this compound dose-dependently attenuated the nocifensive behavior to thermal and mechanical stimuli in a sciatic nerve CCI model of neuropathic pain [202] , and the effect was inhibited by a CB1 receptor antagonist. Oral dosing of this compound reduced brain FAAH activity and increased the spinal cord AEA level [202] , indicating the efficacy of this compound to reduce degradation of AEA. URB597 also reduced plasma extravasation in the paws of CCI mice [202] . Additionally, this compound produced anti-nociceptive effects upon intra-spinal administration in the same model of neuropathic pain in which the effects were antagonized by CB1 or CB1/TRPV1 receptor antagonists, depending on the dose of the compound [203] . The effect of a low dose was antagonized by a CB1 receptor antagonist, whereas the effect of a high dose was antagonized by a TRPV1 antagonist [204] , suggesting that the anti-nociceptive effect of a high dose of the compound could be attributed to the desensitization of TRPV1 channels by a high AEA level [204] . Local injection of URB597 in the hind paw also reduced mechanical allodynia and thermal hyperalgesia following partial sciatic nerve ligation injury, which was antagonized by both CB1 and CB2 receptor antagonists in rats [206] ; however, in mice, the action was antagonized by a CB1 receptor antagonist, and the action was absent in CB1 but not CB2 knockout mice [205] , indicating species differences in the involvement of these receptors. This compound was found to reduce mechanical allodynia and thermal hyperalgesia upon systemic administration in an intra-plantar CFA injection model of inflammatory pain in rats [218] . Co-administration of CB1 and CB2 receptor antagonists completely reversed these effects, indicating that both CB1 and CB2 receptors mediated this action in rats [218] . Acute systemic administration of URB597 reduced mechanical and cold allodynia in a cisplatin-induced neuropathic pain model [183] , and the effect was antagonized by CB1, CB2, and TRPV1 receptor antagonists. Upon chronic systemic administration, URB597 prevented the development of paclitaxel-induced neuropathic pain and reduced previously established allodynia in this model [210] .
Oral administration of another FAAH inhibitor, PF3845, reduced allodynia and increased the brain AEA level in an intra-plantar CFA-induced inflammatory pain model in rats [219] . A combination of CB1 and CB2 receptor antagonists blocked the anti-allodynic effect of this compound, indicating involvement of both CB1 and CB2 receptors [219] . PF3845 also reduced mechanical and cold allodynia following sciatic nerve CCI in mice [214, 215] without development of tolerance to its anti-nociceptive effects and desensitization of brain CB1 receptors [214] . Additionally, systemic administration of PF3845 reduced pain in an intra-plantar carrageenan-induced inflammatory pain model [220] . Another FAAH inhibitor of the PF series, PF04457845, was observed to be highly anti-nociceptive after oral administration in a CFA-induced inflammatory pain model and in a monosodium iodoacetate-induced non-inflammatory pain model in animals [198] . Animals treated with this compound did not show catalepsy, hypo-motility or a change in body temperature [198] .
Some tetrazole-based compounds (e.g., LY2183240) may act as both AEA reuptake inhibitor, and FAAH inhibitor produced anti-nociceptive effects in the formalin-induced inflammatory pain model partly through indirect activation of cannabinoid receptors [221] .
Oral administration of a reversible FAAH inhibitor, ST4070, showed strong anti-allodynic effects in neuropathic pain models induced by sciatic nerve CCI, the chemotherapeutic agent vincristine and the diabetes-producing agent streptozotocin [200] . The anti-allodynic effects of this compound in a sciatic nerve CCI-induced neuropathic pain model were attenuated by pretreatment with CB1 and CB2 receptor antagonists and by a selective PPARα antagonist [200] .
A brain impermeant FAAH inhibitor, URB937, has recently been developed and found to be effective in various models of neuropathic and inflammatory pain [216, 217] . This inhibitor has a limited ability to cross the blood-brain barrier and increases the AEA level in peripheral tissues [216] . Systemic or oral administration of this compound attenuated mechanical allodynia and thermal hyperalgesia in a mouse model of neuropathic pain [216, 217] , which was antagonized by a CB1 but not a CB2 receptor antagonist [216] . URB937 was also effective in reducing mechanical allodynia and thermal hyperalgesia in an intra-plantar carrageenan injection-induced inflammatory pain model [216, 217] . Interestingly, this compound was observed to be more effective than other standard analgesic and anti-inflammatory drugs (such as indomethacin, gabapentin, and dexamethasone) [217] . It was also more effective than the brain-permeant FAAH inhibitors URB597 and PF04457845 in an intra-plantar CFA injection-induced inflammatory pain model [217] . In a chemotherapeutic agent (cisplatin)-induced neuropathic pain model, systemic administration of URB937 reversed mechanical and cold allodynia [183] . The anti-allodynic effect of this compound was antagonized by CB1, CB2, and TRPV1 receptor antagonists [183] . Chronic systemic administration of URB937 prevented the development of chemotherapeutic agent (paclitaxel)-induced neuropathic pain and reduced previously established allodynia in this model [210] .
Dual FAAH and TRPV1 Inhibitors
Because an increase in AEA by an FAAH inhibitor can also act on TRPV1, which has been implicated in the development of neuropathic pain, a dual FAAH and TRPV1 inhibitor, AA-5-HT (N-arachidonoyl-serotonin) has been tested in a neuropathic pain model [207, 208] . The compound produced enhanced anti-nociceptive effects in neuropathic pain models in rats compared with separate use of an FAAH inhibitor (PF3845) or a TRPV1 inhibitor (iodoresiniferatoxin) [207] .
Combining FAAH Inhibitors with NSAIDs or COX2 Inhibitors
FAAH inhibitors were also combined with non-steroidal anti-inflammatory drugs (NSAIDs) (e.g., indomethacin) or COX2 inhibitors (e.g., diclofenac) [213, 217, 222] . These combinations were found to produce enhanced anti-nociceptive effects in neuropathic and inflammatory pain models [213, 217] and reduce NSAID-induced gastrointestinal problems [217] . The combination of subthreshold doses of an FAAH inhibitor, PF3845, and a COX2 inhibitor, diclofenac, produced enhanced anti-allodynic effects in neuropathic and inflammatory pain models [213] compared with separate use of the FAAH inhibitor or COX2 inhibitor. The combination also increased the brain AEA level and decreased the brain prostaglandin level [213] . The combination of a brain-impermeant FAAH inhibitor, URB937, with indomethacin was observed to produce a synergistic anti-nociceptive effect in sciatic nerve CCI-induced neuropathic and carrageenan injection-induced inflammatory pain models [217] . This combination also reduced indomethacin-induced gastric lesions [217] .
MAGL Inhibitors
MAGL inhibitors were developed more recently, and relatively few studies have examined MAGL inhibitors in neuropathic pain models (Table 4 ) compared with FAAH inhibitors. [199] Ineffective in CB1 but not CB2 knockout mice Not tested [215] Not tested Chronic administration induced tolerance, impairment of synaptic plasticity and downregulation and desensitization of CB1 receptors [214] Not tested Not tested [223] Not tested Not tested [224] Not tested Not tested [225] Not tested Catalepsy, motor impairment and sedation [201] Attenuation of mechanical and thermal hyperalgesia Mechanical allodynia antagonized by both CB1 and CB2 receptor antagonists and thermal hyperalgesia antagonized by CB1 receptor antagonist
Produced hypo-motility [226] Attenuation of mechanical allodynia Not tested High dose but not low dose produced impairment of locomotor activity, hypothermia and catalepsy [212] Paclitaxel-induced neuropathy in mice Systemic Attenuation of mechanical allodynia CB1 and CB2 receptor antagonists, ineffective in both CB1 and CB2 knockout mice Not tested [227] Attenuation of mechanical and cold allodynia Not tested Not tested [209] Cisplatin-induced neuropathy in rats Systemic Attenuation of mechanical and cold allodynia CB1 and CB2 receptor antagonists Not tested [183] Cisplatin-induced neuropathy in mice Intra-planter (chronic) Attenuation of mechanical hyperalgesia CB1 but not CB2 receptor antagonists Not tested [228] [227] Initial compounds developed for inhibition of MAGL (e.g., N-arachidonyl maleimide, methylarachidonylfluorophosphonate) were found to be poorly selective for MAGL and had off-target effects [229] [230] [231] [232] . A compound named URB602 was observed to be nonselective for MAGL in an in vitro study, but in in vivo studies, systemic [233] , local [233] , or intracerebral [234] administration of this compound increased the 2-AG level without increasing the AEA level. Intra-plantar URB602 injection reduced the early and late phases of formalin-induced pain [233] , which was antagonized by CB1 and CB2 receptor antagonists.
Recently developed MAGL inhibitors, including JZL184, KML29, and MJN110 were observed to have more selectivity for MAGL [197, 211, 224] . Acute systemic administration of JZL184 was observed to be anti-nociceptive in nerve injury-induced [199, 201, 212, 214, 215, [223] [224] [225] [226] and chemotherapeutic agent (e.g., cisplatin, paclitaxel)-induced neuropathic pain models [183, 209, 227] . Systemic administration of JZl184 attenuated mechanical and acetone-induced cold allodynia in a sciatic nerve CCI model of neuropathic pain that was antagonized by CB1 but not CB2 receptor antagonists [199] . Brain and spinal cord 2-AG levels were also increased after JZL184 administration [199] . Repeated systemic administration of both high and low doses of JZL184 produced anti-nociceptive effects in a sciatic nerve CCI model of neuropathic pain; however, the high but not the low dose caused downregulation and desensitization of brain CB1 receptors, decrements in endocannabinoid-dependent synaptic plasticity and development of tolerance to its anti-nociceptive effects [214, 220, 223] , suggesting that a great increase in the brain 2-AG level by a high dose might cause these problems. In cisplatin-or paclitaxel-induced neuropathy models, systemic administration of JZL184 attenuated mechanical and cold allodynia, which was antagonized by both CB1 and CB2 receptor antagonists [183, 227] . The anti-allodynic effect was not observed in CB1 and CB2 knockout mice, confirming its CB1 and CB2 receptor-mediated action [227] . Repeated systemic administration of a threshold dose of this compound completely reversed paclitaxel-induced allodynia without development of tolerance, while a high dose induced tolerance to its anti-nociceptive effect [227] . Chronic local intra-plantar injection of JZL184 was also effective in reducing mechanical hyperalgesia in a cisplatin-induced neuropathic pain model [228] .
JZL184 was also effective in attenuating pain in intra-plantar carrageenan [220] and formalin [235] injection-induced inflammatory pain models. Systemic administration of JZL184 reduced pain in an intra-plantar carrageenan-induced inflammatory pain model, and the action was antagonized by both CB1 and CB2 receptor antagonists [220] . Inflammation-induced expansion of the receptive fields of spinal WDR neurons in intra-plantar carrageenan injected rats was abolished by intra-spinal administration of JZL184 [236] . Local intra-paw administration of JZl184 was observed to have potent anti-nociceptive actions on intra-plantar formalin-induced pain, suggesting that increased paw skin 2-AG accumulation caused by this MAGL inhibitor could be attributed to its anti-nociceptive actions [235] . Intra-paw administration of 2-AG also showed anti-nociceptive actions; this confirmed the local action of 2-AG. This compound also suppressed capsaicin-induced behavioral sensitization [237] .
Systemic administration of another selective MAGL inhibitor, KML29, attenuated mechanical and cold allodynia in a sciatic nerve injury model of neuropathic pain [224, 225] without elicitation of cannabimimetic side effects such as catalepsy, hypothermia and hypo-motility [224] . Acute or repeated administration of this compound increased the brain 2-AG level without elevating the brain AEA level, suggesting its specificity for MAGL. KML29 also reduced allodynia and paw edema in an intra-plantar carrageenan injection-induced inflammatory pain model [224] ; however, repeated administration of this compound induced tolerance to its anti-nociceptive effects [224] . The anti-allodynic effect in the inflammatory model was mediated by both CB1 and CB2 receptors, and the anti-allodynic effect in the neuropathic pain model was mediated by CB1 receptors [224] .
Another recently developed selective MAGL inhibitor, named MJN110, was observed to be highly potent in attenuating mechanical allodynia and thermal hyperalgesia in a sciatic nerve CCI model of neuropathic pain in mice [226] . When the potency of JZL184 and MJN110 was compared, systemic administration of MJN110 was observed to be 42-fold more potent than administration of JZL184 (ED 50 values of 0.43 and 17.8 for MJN110 and JZL184, respectively) in attenuating mechanical allodynia and thermal hyperalgesia in this model [226] . Both JZL184 and MJN110 increased brain 2-AG levels without altering AEA levels, suggesting their selectivity for MAGL [226] . Although JZL184 produced hypo-motility (a CB1 receptor-mediated CNS side effect), MJN110 did not produce hypo-motility, catalepsy or hypothermia; instead, MJN110 was observed to increase locomotor activity [226] . This compound also alleviated mechanical allodynia in a rat model of diabetic neuropathy [211] . In a chemotherapeutic agent (paclitaxel)-induced neuropathy model in mice, systemic administration of MJN110 reversed mechanical allodynia, and the effect was mediated by both CB1 and CB2 receptors. MJN110 was more potent than JZL184 in reversing allodynia [227] . MJN110 also reduced the paclitaxel-mediated increases in expression of chemokines, MCP-1 in the DRG and spinal dorsal horn and phospho-p38 MAPK in the DRG, suggesting its anti-inflammatory action [227] .
FAAH Inhibitors Combined with MAGL Inhibitors
The combination of FAAH and MAGL inhibitors has also been used in preclinical models of neuropathic and inflammatory pain [206, 212] . A combination of a high dose of an FAAH inhibitor, PF3845, and a low dose of an MAGL inhibitor, JZL184, showed anti-nociceptive action in sciatic nerve CCI-induced neuropathic and carrageenan-induced inflammatory pain models [212] . This combination, upon systemic administration, produced greater anti-nociceptive effects than those of the single inhibitors without common cannabimimetic side effects (e.g., catalepsy, hypo-motility, hypothermia) [212] . The combination caused a >10-fold increase in the brain AEA level and a 2to 3-fold increase in brain 2-AG levels [212] . Repeated administration of this combination in the inflammatory pain model did not induce tolerance to its anti-allodynic actions [212] .
Dual MAGL and FAAH Inhibitors
Dual MAGL and FAAH inhibitors have been developed and tested in preclinical inflammatory and neuropathic pain models [201, 238] . In a sciatic nerve CCI model of neuropathic pain, JZL195 {4-Nitrophenyl 4-(3-phenoxybenzyl)-1-piperazinecarboxylate} (a dual MAGL and FAAH inhibitor) attenuated mechanical allodynia and acetone-induced cold allodynia [201] . The anti-nociceptive efficacy of this compound was greater than that of JZL184 (an MAGL inhibitor) or URB597 (an FAAH inhibitor). At a low but effective anti-nociceptive dose, the compound did not produce CB1 receptor-mediated central side effects, but at a high dose, it produced side effects that were greater than those produced by JZL184 or URB597 alone [201] . This compound was also effective in reducing mechanical allodynia and thermal hyperalgesia in an intra-plantar CFA injection-induced inflammatory pain model in mice at doses lower than those that produce side effects [239] . The action of this compound was mediated by both CB1 and CB2 receptors [239] . JZL195 was also effective in producing anti-nociceptive effects in acute thermal, visceral and inflammatory pain models [240, 241] .
Another dual MAGL-FAAH inhibitor, SA-57 [4-[2-(4-chlorophenyl)ethyl]-1-piperidinecarboxylic acid 2-(methylamino)-2-oxoethyl ester], was tested in sciatic nerve CCI-induced neuropathic pain and carrageenan inflammatory pain models in mice and found to be effective in reducing mechanical allodynia upon systemic administration in the both models [238] . The anti-allodynic effect of this compound was not observed in CB1 and CB2 knockout mice following carrageenan injection in the paw, indicating that both receptors were required for the effect in the inflammatory pain model. However, carrageenan injection induced paw edema, which was retained after systemic administration of this compound in CB1 but not in CB2 knockout mice, indicating that reduction of inflammatory edema by SA-57 required CB2 receptors [238] . Administration of this compound at anti-nociceptive doses produced cannabimimetic side effects including catalepsy, hypothermia and impaired locomotion [238] .
MAGL Inhibitors Combined with Opioids
Opioids are used for the treatment of neuropathic pain; however, they have a wide range of side effects, and their abuse rate is also high [16, 17] . To overcome these problems, combinations of opioids and endocannabinoid degrading enzyme inhibitors have been tested in preclinical models of neuropathic pain. The combination of MJN110 and morphine (an opioid), upon systemic administration, reversed mechanical allodynia and thermal hyperalgesia in a sciatic nerve CCI model of neuropathic pain in mice [242] . Acute systemic administration of this combination did not reduce gastric motility (a common side effect of morphine) or produce subjective cannabimimetic effects (side effects of CB1 receptor agonists). Repeated dosing of this combination was also effective in attenuating allodynia and hyperalgesia without development of tolerance (a side effect that can be produced by extended use of opioids), indicating that addition of an MAGL inhibitor produces opioid-sparing events [242] .
The dual MAGL-FAAH inhibitor SA-57 was combined with morphine at their threshold doses, and this combination was found to be effective in completely reversing sciatic nerve CCI-induced allodynia. Furthermore, it did not produce tolerance following repeated administration [238] . The combination did not elicit hypo-motility, catalepsy, or hypothermia, indicating that the increase in the brain endocannabinoid level may be minimal, thus limiting the side effects. Interestingly, this compound decreased heroin seeking behavior in mice, indicating a reduction of opioid abuse [238] .
The above findings suggest that combining opioids with endocannabinoid degrading enzyme inhibitors has a potential benefit in reducing the effective doses of opioids needed for pain control (opioid-sparing) and reducing development of opioid-or cannabinoid-mediated side effects and tolerance.
Combining MAGL Inhibitors with COX2 Inhibitors
An MAGL inhibitor was also combined with a COX2 inhibitor and found to produce an improved anti-nociceptive effect in a neuropathic pain model [225] . JZL184 or KML29 was combined with diclofenac, and the combination produced synergistic anti-allodynic effects upon systemic administration in a sciatic nerve CCI model of neuropathic pain [225] . The anti-allodynic effects of the combination were antagonized by CB1 but not CB2 receptor antagonists, indicating involvement of CB1 receptor-mediated action [225] . Systemic administration of the combination also reduced the spinal cord prostaglandin level [225] .
Potential of Endocannabinoid Enzyme Inhibitors and Cannabinoid Receptor Agonists for the Treatment of NOP
Although many studies have been conducted to examine the efficacy and mechanisms of action of cannabinoids and endocannabinoids in animal models of neuropathic and inflammatory pain conditions in parts of the body outside the orofacial region, studies using orofacial pain models are rare [243, 244] .
Modulation of Cannabinoid Receptors and Endocannabinoids in the Orofacial Region under Inflammatory and Neuropathic Pain Conditions
In the orofacial region, similar to other body regions, cannabinoid receptors and endocannabinoids have been observed to be modulated under inflammatory and neuropathic pain conditions. In a rat model of NOP induced by CCI of the infraorbital nerve (a branch of the trigeminal nerve), CB1 receptor expression at the protein level increased within the superficial laminae of the brainstem Vc [84] . In humans, CB1 and CB2 receptor expression at the mRNA and protein levels was increased in gingival tissues under inflammatory conditions (in gingivitis and periodontitis) [245] . Increased expression of CB2 but not CB1 receptors was observed in tongue epithelial cells in patients with burning mouth syndrome [246] . In migraine patients, AEA and 2-AG were observed to be downregulated, and FAAH was upregulated [247, 248] . In a nitroglycerin-induced migraine pain model in rats, FAAH activity was increased in the medulla and hypothalamus, and the activity of both FAAH and MAGL was increased in the mesencephalon [249] .
Modulation of Orofacial Neuronal Activity by Cannabinoids and Endocannabinoids
Studies have reported the modulation of orofacial neuronal activity by cannabinoids or endocannabinoids. Perfusion of brainstem slices with a synthetic cannabinoid, WIN 55,212-2, or an endocannabinoid, AEA, hyperpolarized neurons located in the Vc and reduced the amplitude of excitatory postsynaptic potentials (EPSPs) or currents evoked by stimulating the mandibular nerve (a branch of the trigeminal nerve) [250] , suggesting the inhibition of primary afferent glutamatergic transmission by cannabinoids or endocannabinoids [250] . An N-type Ca 2+ channel blocker reversed the action of WIN 55,212-2, suggesting inhibition of N-type Ca 2+ channels by the compound. The reduction of EPSP amplitude by WIN 55,212-2 was abolished by a CB1 receptor antagonist, indicating involvement of CB1 receptors [250] . Local application of WIN 55,212-2 in the Vc reduced the activity of WDR neurons in response to transcutaneous electrical stimulation of the face, which was antagonized by a CB1 receptor antagonist [251] . WIN 55,212-2 also potentiated GABA-evoked inward currents in neurons freshly isolated from the rat TG, which was antagonized by a CB1 receptor antagonist [252] . This compound also inhibited 5-hydroxytryptamine receptor 3 (5-HT 3 )-activated currents in cultured rat TG neurons [253] without involving CB1 or CB2 receptors. Additionally, WIN 55,212-2 was found to inhibit capsaicin-induced current in cultured rat TG neurons [254] . Application of AEA in cultured rat TG neurons led to release of a neuropeptide (calcitonin gene-related peptide), which was inhibited by a TRPV1 antagonist, suggesting activation of TRPV1 receptors by AEA [255] .
Evidence of the Anti-Nociceptive Effects of Endocannabinoid Degrading Enzyme Inhibitors and Cannabinoid Receptor Agonists in NOP Models
Studies have investigated the efficacy of cannabinoid receptor agonists and endocannabinoid degrading enzyme inhibitors in animal models of NOP (Table 5 ). Table 5 . Research conducted using cannabinoid receptor agonists and endocannabinoid enzyme inhibitors in preclinical animal models of neuropathic orofacial pain (NOP). 
Compounds

Neuropathic Pain Models
Route of Administration
Attenuation of mechanical allodynia
Not tested Not tested [258] Cannabinoids and endocannabinoids were found to be anti-nociceptive in migraine pain and to inhibit trigeminovascular neurons that may be activated in migraine pain [259] [260] [261] . In a nitroglycerin-induced migraine pain model, systemic administration of FAAH inhibitors, URB597 or PF3845, attenuated nitroglycerin-induced mechanical hyperalgesia in mice, indicating elevation of the AEA level by the FAAH inhibitors and a reduction of migraine pain [248] . The action of both FAAH inhibitors was antagonized by a CB1 receptor antagonist. Administration of FAAH inhibitors also reduced nitroglycerin-induced c-Fos (a marker of neuronal activation) expression in the brainstem trigeminal nuclei, which was blocked by a CB1 receptor antagonist [248] . Additionally, knockout of FAAH but not MAGL attenuated nitroglycerin-induced mechanical hyperalgesia, indicating a crucial role of AEA [248] in attenuating pain. Systemic administration of exogenous AEA attenuated intra-plantar formalin-induced nocifensive behavior and nitroglycerin-induced c-Fos expression in the Vc [249] . In another study, the brain-impermeant FAAH inhibitor URB937 was observed to be anti-nociceptive in a nitroglycerin-induced migraine pain model, suggesting that elevation of AEA in the peripheral nerves and tissues can attenuate migraine pain [257] . Systemic administration of this compound increased the tail-flick latency to radiant heat and attenuated nociceptive behavior (number of flinches and shakes) induced by formalin injection into the hind paw and upper lip [257] . Administration of this compound also reduced c-Fos expression in the Vc [257] . The selective CB2 agonist AM1241 was also found to be effective in increasing tail-flick latency in response to a high intensity light beam and in reducing nociceptive behavior induced by formalin injection into the hind paw in a nitroglycerin-induced migraine pain model in rats [256] . The synthetic cannabinoid receptor agonist WIN 55,212-2 reduced Vc neuronal activity with regard to receiving convergent input from the dura mater and face. A-fiber and C-fiber inputs, as well as spontaneous firing, were inhibited by the compound [260] . The anti-nociceptive effect was reversed by CB1 but not CB2 antagonists [260] . Local application of WIN 55,212-2 and a potent CB1 agonist, arachidonylcyclopropylamide, in the ventrolateral periaqueductal gray reduced dural-evoked Aδ-fiber neuronal activity in the Vc [261] .
Systemic administration of cannabinoids was also effective in attenuating inflammatory and neuropathic pain in the orofacial region. The synthetic compound WIN 55,212-2, upon systemic administration, dose-dependently attenuated mechanical allodynia and thermal hyperalgesia in an NOP model induced by CCI of the infraorbital nerve [84] . Another synthetic cannabinoid, HU210, also attenuated mechanical allodynia and thermal hyperalgesia in that model. CB1 receptor but not CB2 or TRPV1 receptor antagonists inhibited the anti-nociceptive action of WIN 55,212-2, suggesting CB1 receptor-mediated action of this compound in that model [84] . The anti-nociceptive effects of WIN 55,212-2 were also observed in inflammatory pain models induced by injection of formalin into the temporomandibular joint and orofacial regions [262] .
Recently, in a study, we observed that a selective MAGL inhibitor, JZL184, reduced NOP induced by injury to a branch of the trigeminal nerve in mice [258] . Trigeminal nerve injury was observed to induce neuropathic pain symptoms in the orofacial area [258, [263] [264] [265] . Systemic administration of the compound attenuated mechanical allodynia 2 h after administration [258] . We also observed that MAGL immunoreactive neurons were increased in the Vc and upper cervical spinal cord (C1-C2) under the neuropathic pain condition, and this effect was reduced after administration of JZL184 [258] . These observations suggest that 2-AG may be increased in the Vc and C1-C2 areas under neuropathic pain conditions ( Figure 1 ) and rapidly degraded by MAGL, as indicated by the increased MAGL immunoreactivity [258] . 2-AG can be released from postsynaptic neurons by exaggerated presynaptic neuronal activity because of nerve injury [21, 70, 258] (Figure 1) , which can be considered as the body's autoprotective/defense mechanism for pain control [21, 61, 68, 69] . Exaggerated neuronal activity in the Vc and C1-C2 areas was evident in previous studies under NOP conditions following trigeminal nerve injuries [179] . The released 2-AG can act on CB1 receptors expressed on presynaptic neurons [266, 267] . CB1 receptor activation may inhibit the VGCCs that are responsible for calcium entry into the presynaptic neurons, resulting in the release of neurotransmitters (e.g., glutamate) into the synaptic cleft [266, 267] and thus can reduce neurotransmitter release. 2-AG can also act on cannabinoid receptors expressed on microglial cells [176] [177] [178] 268, 269] . Various studies have reported the presence of cannabinoid receptors in microglial cells [176] [177] [178] 268, 269] , which predominantly express CB2 receptors [176] [177] [178] 268, 269] . Along with neurons, microglia may contribute to the synthesis and degradation of endocannabinoids [176, 178, 270] . Upregulated microglial cells in the brainstem trigeminal nuclei have been observed under NOP conditions to release pro-inflammatory mediators and contribute to the development of sensitization of brainstem neurons [113, 179, 263, 264] . Activation of cannabinoid receptors in microglial cells by 2-AG may reduce the release of pro-inflammatory mediators. However, rapid degradation of 2-AG by MAGL may reduce these autoprotective mechanisms against pain control (reduction of presynaptic neurotransmitter release and reduction of pro-inflammatory mediator release from microglia by activation of cannabinoid receptors). Preventing the rapid degradation of 2-AG via MAGL inhibitor use may increase the localized accumulation of 2-AG in the Vc and C1-C2 areas. Localized accumulation of 2-AG acts on cannabinoid receptors, resulting in greater inhibition of VGCCs and glial cells, leading to reduction of excitatory neurotransmitter and pro-inflammatory mediator release and ultimately causing the attenuation of neuropathic pain symptoms (Figure 1 ) [258] . Additionally, prevention of the degradation of 2-AG to arachidonic acid and glycerol by MAGL inhibitors can reduce the amount of arachidonic acid, which is a precursor of inflammatory mediators (prostaglandins) [271] . Thus, reduction of arachidonic acid by MAGL inhibitors may contribute to attenuation of neuronal sensitization by inflammatory mediators.
The localized increase of endocannabinoids at the site of nerve injury may reduce the development of sensitization of peripheral nerves under neuropathic conditions. Studies have reported that nerve injury leads to activation of inflammatory cells at the site of nerve injury as well as in the TG under NOP conditions [113, 179] . Inflammatory mediators released from these inflammatory cells contribute to the development of peripheral nerve sensitization [113, 179] . A localized increase of endocannabinoids caused by applying degrading enzyme inhibitors can suppress the action of these inflammatory cells and thereby contribute to attenuation of neuropathic pain symptoms. The possible interaction of endocannabinoids with inflammatory and glial cells described above has been evidenced in neuropathic and inflammatory pain models of areas outside the orofacial regions [272] [273] [274] .
The above studies in the orofacial regions suggested the potential of using cannabinoids and endocannabinoids for the treatment of NOP. However, few studies have been conducted, and recently developed peripherally restricted cannabinoid receptor agonists and endocannabinoid degrading enzyme inhibitors have not been extensively tested yet in models of NOP. Peripherally restricted CB1 receptor agonists, selective CB2 receptor agonists and some recently developed FAAH and MAGL inhibitors have been shown to have limited cannabimimetic side effects. These agents or newly designed agents should be tested in NOP models. Additionally, more randomized placebo-controlled trials are needed to determine the clinical utility of these agents in patients with NOP.
Clinical Perspective
Although an enormous body of preclinical research has provided convincing evidence of the anti-nociceptive effects of peripherally restricted CB1 receptor agonists, selective CB2 receptor agonists and endocannabinoid degrading enzyme inhibitors, clinical translation of these compounds for pain relief has remained elusive. Some FAAH inhibitors and selective CB1 and CB2 agonists have been tested in clinical studies but failed to produce sufficient anti-nociceptive effects, although some compounds were well tolerated and showed minimal or no adverse events [275] [276] [277] . A potent and selective FAAH inhibitor, PF04457845, did not produce better anti-nociceptive effects than the placebo when investigated in a randomized placebo controlled clinical trial in patients with osteoarthritis [275] . However, this compound was well tolerated, and there was no evidence of cannabinoid-type adverse events [275] . Another FAAH inhibitor, ASP8477, was used in a clinical trial of painful diabetic neuropathy, but it did not produce sufficient anti-nociceptive effects [278] . ASP3652 was investigated in patients with chronic prostatitis/chronic pelvic pain syndrome but failed to produce better anti-nociceptive effects than the placebo, although the compound was well tolerated by patients [276] . A clinical trial investigating an FAAH inhibitor, BIA10-2474, had devastating results; it produced mild to severe neurological symptoms and lead to the death of one volunteer [279, 280] . The exact cause of this devastating event was unknown, but later it was observed that BIA10-2474 binds to a number of other serine hydrolases and inhibits several lipases that are not targeted by another FAAH inhibitor, PF04457845, which might cause substantial alterations in lipid networks in brain [281] . The selective CB1 agonist AZD1940 failed to reduce forearm capsaicin injection-induced pain and hyperalgesia in healthy volunteers and produced mild to moderate gastrointestinal and CNS side effects [95] . In another study, this compound failed to attenuate surgical tooth extraction-induced post-operative acute pain and produced CNS side effects [94] . The selective CB2 agonist GW842166 also failed to attenuate acute postsurgical pain in patients after third molar extraction, but it was well tolerated [277] .
Failure of these compounds to produce sufficient anti-nociceptive effects in human trials suggests species differences in the action of these compounds; however, more research is necessary, and more new compounds need to be developed. Additional clinical trials focusing on neuropathic pain patients are necessary because the pathophysiology of neuropathic pain conditions is different from that of acute pain conditions. However, before clinical trials are conducted, extensive preclinical studies are required to understand the specific targets and side effects of these compounds. Although FAAH and MAGL are the main degrading enzymes of AEA and 2-AG, respectively, they can also degrade other lipids [158, 164, 204, [281] [282] [283] [284] [285] [286] [287] . Along with AEA, FAAH can also degrade other N-acylethanolamines (e.g., N-palmitoylethanolamine (PEA) and N-oleoylethanolamine (OEA)), N-acyl-amides (e.g., N-acyl-taurines, N-acylglycines) and primary amides (e.g., oleamide), which can activate non-cannabinoid receptors (e.g., TRP channels, PPARα) [204, [282] [283] [284] [285] . Studies have reported that treatment with FAAH inhibitors increases the levels of AEA as well as OEA and PEA [204, 282] . MAGL can also degrade other 2-acylglycerols (e.g., 2-linoleoyl glycerol, 2-oleoyl glycerol, 2-palmitoyl glycerol), which can activate non-CB1/-CB2 receptors [158, 288, 289] . Therefore, manipulation of FAAH and MAGL may also affect other lipids and may exert undesirable effects [158] . This important point should also be taken in consideration when designing compounds and investigating their effectiveness and side effects.
Additionally, laboratory animal models that can mimic key clinical symptoms of neuropathic pain need to be used to investigate the efficacy of the compounds [290] . Most of the available preclinical studies have investigated the efficacy of compounds for attenuation of allodynia and hyperalgesia in neuropathic pain models. Although allodynia and hyperalgesia are important symptoms, spontaneous pain is another key clinical symptom and complaint of most patients with neuropathic pain, which needs to be included in investigations [137, 291] . Additionally, there are other important symptoms of neuropathic pain such as sleep disturbances, emotional disturbances and cognitive impairment [290] . Furthermore, neuropathic pain has been observed to develop more often in older individuals rather than in young people [292, 293] . These factors need to be taken into consideration when establishing neuropathic pain models in animals.
Although the synthetic cannabinoid receptor agonists and endocannabinoid degrading enzyme inhibitors investigated in the above clinical trials failed to produce desired anti-nociceptive effects, several plant-based cannabinoids demonstrated some degree of analgesic effect on neuropathic pain. An oromucosal spray containing an equal mixture of THC (psychoactive component of Cannabis) and CBD (non-psychoactive component of Cannabis), nabiximols/Sativex, demonstrated significant anti-nociceptive effects in patients with peripheral neuropathic pain [294] . This drug has been approved in Canada and European countries. In a double-blind, randomized, placebo-controlled, parallel-group study, this drug was tested in patients with multiple sclerosis-induced central neuropathic pain. The patients were treated with the drug for 14 weeks. At 10 weeks, this drug significantly reduced multiple sclerosis-induced central neuropathic pain compared with the placebo; however, after 14 weeks, there was no significant difference between the placebo and the drug group [295] . In a pilot study, this drug showed no statistically significant anti-nociceptive effects when compared with a placebo in chemotherapy-induced neuropathic pain patients, although 5 of 16 patients reported some degree of pain reduction [296] . The combination of THC and CBD may be beneficial to reduce the cannabimimetic side effects of THC because CBD has been reported to reduce many of the psychotropic side effects of THC [27, [297] [298] [299] .
An oral formulation of THC (ECP002A) significantly reduced pain in patients with progressive multiple sclerosis [300] . A synthetic THC compound named Nabilone (approved by the Food and Drug Administration in the United States) was effective in reducing refractory diabetic peripheral neuropathic pain [301] . It also improved the sleep quality and overall status of patients [301] . Nabilone was also effective in improving sleep in patients with fibromyalgia (a disorder characterized by widespread musculoskeletal pain), although no effect on pain was observed [302] . Another clinical trial reported that this drug reduced medication overuse-induced headache [303] . It was more effective than an NSAID (ibuprofen) in reducing pain intensity and improved the quality of life [303] . The drug appeared to be safe and well-tolerated [303] in that study. The combination of this drug and gabapentin (an anticonvulsant) showed a better anti-nociceptive effect than the placebo or gabapentin alone in multiple sclerosis patients [304] . This THC derivative was given to patients taking opioids for chronic pain and found to produce an additive effect on pain relief [305] .
Smoked cannabis was also observed to attenuate neuropathic pain [306] [307] [308] . A clinical trial involving patients with central and peripheral neuropathic pain reported that vaporized cannabis at low and medium doses attenuated neuropathic pain [306] . In another study, smoked cannabis produced significant anti-spasticity and anti-nociceptive effects in multiple sclerosis patients [307] .
Smoked cannabis produced a dose-dependent, anti-nociceptive effect in patients with painful diabetic peripheral neuropathy [308] .
Along with an anti-nociceptive effect, plant-based cannabinoid and smoked cannabis therapy showed cannabimimetic side effects, including cognitive impairment, euphoria, drowsiness or fatigue, dizziness, dry mouth, nausea, addiction, and motor impairment [22, 57, 309, 310] . Therefore, a continuing need exists to identify therapeutics for neuropathic pain control with minimal or no side effects.
Conclusions
A large number of preclinical studies have provided evidence that targeting CB2 receptors, peripherally restricted CB1 receptors and endocannabinoid degrading enzymes is a potentially effective strategy to attenuate neuropathic pain symptoms with limited side effects. In particular, enhancing the action of endocannabinoids at the sites of the pain pathway using endocannabinoid degradative enzyme inhibitors is an attractive strategy for the treatment of neuropathic pain. The combination of endocannabinoid degradative enzyme inhibitors with conventional analgesics that have been used for the treatment of neuropathic pain (e.g., opioids) is also a promising strategy to produce synergistic anti-nociceptive effects and to reduce side effects. Studies examining neuropathic pain in the orofacial regions are scarce; therefore, more basic and clinical studies involving NOP are necessary to understand the efficacy and safety of these alternative strategies for neuropathic pain treatment. 
